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Abstract
We report on measurements of coincident 511 keV annihilation photons via detection of Cherenkov radiation in PbF2
crystals attached to a microchannel plate photomultiplier. Back to back timing resolution has been studied with seg-
mented crystals. The detection eﬃciency has also been measured and compared to the simulation results. We have also
searched for the optimum radiator parameters by simulating timing resolution and eﬃciency as a function of crystal
thickness and transmission cut-oﬀ.
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1. Introduction
With the measurement of the time of arrival and hit positions of both 511 keV photons in positron
emission tomography (PET), one could in principle determine the position of the positron annihilation along
the line joining the two photon detectors. The three dimensional distribution of positron emitters could thus
be obtained, avoiding the usual tomographic measurement of many projections. However, due to the limited
timing resolution of the detectors, many projections are still required, with the time information representing
a valuable improvement in the quality of the reconstructed tomographic image.
A limiting factor to better time resolution usually is the time constant of the scintillator used for 511 keV
detection. Recent advances in technology, however, allow very fast detection of low light levels, down to a
single photon [1, 2], which opens the possibility of detecting prompt Cherenkov photons. These are emitted
by electrons, which arise from the photoelectric absorption or Compton scattering of the incident 511 keV
annihilation γ ray.
In our recent research [3], we have used single PbF2 crystals as Cherenkov radiators and microchan-
nel plate PMTs (MCP PMTs) as photon detectors and have obtained a timing resolution of 71 ps FWHM
(σ = 30 ps), which corresponds to a position resolution of 11 mm FWHM along the line of response. This
figure, although very promising, has been obtained under conditions of limited eﬃciency. In the present
work, we report on continued studies of TOF PET using diﬀerent crystal segmentations, and with emphasis
on possibilities for improving the eﬃciency of the apparatus.
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Fig. 1. The experimental setup with 22Na source in between the two PbF2 crystals coupled to MCP PMTs.
Fig. 2. Cherenkov radiator crystals used for detection of 511 keV photons in the present experiment.
2. Timing resolution with segmented PbF2 crystals
The apparatus consists of a 22Na source of annihilation, back-to-back 511 keV photons, with two de-
tectors, one on either side (Fig. 1). Each of the detectors consists of a microchannel plate PMT with 16
anode channels (prototypes based on the MCP PMT presented in Ref. [5]), viewing the PbF2 crystal [4].
The crystal is either in one monolithic piece of dimensions 25 mm x 25 mm, with thickness of 5 mm, 10 mm
or 15 mm, or is cut into 16 (= 4x4) equal pieces, with thickness of 5 mm or 10 mm. In all cases all crystal
surfaces, except the one viewing the photomultiplier, are painted with black absorbing paint (Fig. 2). This
reduces the tails in the timing distribution that are produced by delayed Cherenkov photons scattered from
the walls and leads to the best time resolution, as has been shown in our previous work [3].
The signals from MCP PMTs were first amplified with the ORTEC FTA 820A and than discriminated
using the Philips leading edge discriminator model 708. Back-to-back timing was recorded with a Kaizu
Works KC3781A CAMAC TDC and the pulse charge was measured with a CAEN QDC V965 charge
sensitive ADC. Signals from the discriminator of each MCP PMT were ORed and the measurement was
triggered by a coincidence between the two resulting signals. Due to lack of readout electronics, not all of
the 2 x 16 channels of both MCP PMTs have been recorded separately. Eight channels (top half) from each
MCP PMT have been fully instrumented and the remaining eight have been summed into two channels and
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Fig. 3. The distribution of measured time diﬀerence of hits in two opposite Cherenkov detectors of 511 keV annihilation photons.
recorded only with ADC. To reduce the eﬀects of cross-talk and charge sharing only the signal from the
channel with the largest charge have been used in each event.
The back-to-back timing resolution has been found to change marginally in going from single crystals
25 x 25 x 15 mm3 (σ = 43 ps) and 25 x 25 x 5 mm3 (σ = 36 ps) to a 4 × 4 segmentation (σ = 36 ps). The
results with segmented crystals have been obtained with the crystal thickness of 5 mm on the detector on
one side and 10 mm on the other side of the 22Na source. In Fig. 3, we show the time diﬀerence spectrum for
the case of the 4 x 4 segmentation in both detectors, where the σ = 36 ps time resolution is demonstrated.
3. Measurement of detection eﬃciency
Also these measurements have been performed with two detectors on either side of a 22Na source. One
detector, for which the eﬃciency is measured, consists of the 25 x 25 x 15 mm3 PbF2 crystal viewed by
a microchannel plate photomultiplier. The other detector is used for selecting coincident 511 keV γ rays.
For this purpose we used a 4.2 x 4.2 x 20 mm3 BGO scintillator attached to a Hamamatsu M16 multianode
PMT. The distances of the two detectors from the source are 200 mm and 85 mm for the BGO and PbF2
crystals, respectively. The pulse height spectrum for this BGO detector clearly shows the full energy peak
of the 511 keV γ ray, as well as the corresponding Compton continuum and the contribution arising from
the 1275 keV γ rays (Fig. 4). To estimate the eﬃciency we used only events within ±σ of the 511 keV full
energy peak in the BGO crystal and counted how many times these events were detected by PbF2 detector.
Taking into account also the background of Compton events from the 1275 keV γ rays under the peak, one
arrives at an eﬃciency value of  = 6 % for the PbF2-MCP PMT detector combination.
4. Simulation of eﬃciency
The eﬃciency of a PET detector was simulated in the GEANT4 framework [6] as a function of energy of
the incident photon. The detector parameters were the following: 15 mm thick, unsegmented PbF2 +MCP
PMT with quantum eﬃciency, as given in ref. [3] and 60 % photoelectron collection eﬃciency. Gamma
rays of variable energy were generated with isotropic angular distribution from a point source 70 mm from
the PbF2 entrance surface. Simulation includes interactions of gamma rays with the Cherenkov radiator
(GEANT4 processes photoelectric eﬀect, Compton scattering and γ ray conversion), interactions of the re-
sulting electrons (multiple scattering, ionization, bremsstrahlung and Cherenkov process) and optical pho-
ton propagation (boundary processes and optical absorption). The propagation of optical photons took into
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Fig. 4. Pulse height spectrum of the BGO-PMT detector in the set-up shown in Fig. ??.
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Fig. 5. The eﬃciency for detection of Cherenkov radiation due to absorption of a γ ray in a 15 mm thick PbF2 crystal as a function of
the incident photon energy.
account the black painted surfaces of the Cherenkov radiator (using the GEANT4 ”polishedbackpainted”
model with reflectivity 0), the optical coupling between the Cherenkov radiator and the photodetector (sim-
ulated with refractive index of 1.5) and the 1.5 mm thick photodetector window (also with refractive index
of 1.5). The quantum eﬃciency of the photodetector was also included in the simulation. The eﬃciency
of detection was calculated as the number of events with at least one Cherenkov photon detected by the
photodetector, divided by the number of gamma ray pairs, generated within the angular acceptance of the
detector.
The results in Fig. 5 show an eﬃciency of about  = 8 % to detect a single 511 keV gamma ray. This low
eﬃciency is due to a low number of detected Cherenkov photons (as shown in Fig. 6) which also implies no
energy resolution for the gamma rays at these energies. In a standard PET system, the energy measurement
is used to suppress Compton scattered annihilation gammas. While in a Cherenkov PET detector, such a
suppression is not possible, the lower energy Compton scattered gamma rays produce less Cherenkov light
and therefore have a lower detection eﬃciency as shown in Fig. 5 that falls to almost zero at 200 keV. This is
a welcome suppression of the annihilation photons, whose energy has been reduced by Compton scattering.
The eﬃciency to detect coincident photopeak events is about 0.6 %.
With further simulations, we have investigated the influence of the crystal transmission cut-oﬀ, the
crystal thickness and use of a diﬀerent combination of window and photocathode materials on the time
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Fig. 6. Simulation of the PbF2 crystal response to annihilation γ rays: the distribution of the number of Cherenkov photons emitted in
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Fig. 7. Simulation of the time resolution (σ) (left) and the coincidence detection eﬃciency (2) (right) for a PbF2-like crystal as a
function of the crystal thickness and its transmission cut-oﬀ (λcut−o f f ). The simulation assumes a quantum eﬃciency as given for a
multialkali photocathode and a synthetic silica window, Hamamatsu type 500S [7].
resolution and the coincidence eﬃciency. Fig. 7 shows the simulation results for what is eﬀectively a PbF2-
like crystal with variable transmission cut-oﬀ (“gedanken crystal”), viewed by a MCP PMT with a synthetic
silica window and a multialkali photocathode (Hamamatsu type 500S [7]). As expected, a thicker crystal
improves the eﬃciency, but the timing resolution is degraded. The coincidence detection eﬃciency (2) for
a 15 mm thick real PbF2 crystal (λcut−o f f ≈250 nm) increases by a factor of 4 (to about 2.5 %) due to the use
of a better window-photocathode combination. For a PbF2-like crystal with λcut−o f f similar to the cut-oﬀ
of a quartz window (≈160 nm), the increase of coincidence eﬃciency by a factor of 10 (to 6 %) could be
achieved.
To study the influence of higher density and higher refractive index, we have also simulated the response
of a detector with a PbWO4-like crystal with no scintillations (Fig. 8). To compare the performance of two
types of crystals, a simple figure of merit is defined FOM = 2/σ, a combination of the coincident detection
eﬃciency (2) and of the coincidence timing resolution (σ). It follows the definition of the figure of merit
used to describe the improvement of a TOF-PET system with respect to the normal PET system [8]. In
Fig. 8 we show the dependence of the figure of merit on the two parameters, transmission cut-oﬀwavelength
(λcut−o f f ) and crystal length for the PbF2-like and PbWO4-like crystals. While the detection eﬃciency for
the PbWO4-like crystal is higher due to a higher density and a higher refractive index, the higher value
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Fig. 8. Simulation of the figure of merit (2/σ) as a function of crystal thickness and its transmission cut-oﬀ. The other simulated
crystal parameters are as for PbF2 (left) and PbWO4 (right). Both crystals are viewed by a MCP PMTs with the photocathode type
500S.
of refractive index also degrades the timing resolution. As a result, both types of crystals show a similar
performance at the same thickness and the same cut-oﬀ wavelength. The optimum thickness is around
14 mm. For the real crystals, PbWO4 is expected to show worse performance due to a higher λcut−o f f of
about 350 nm.
5. Summary
We have seen that an excellent timing resolution (σ = 36 ps) is achievable with detection of Cherenkov
photons radiated in a segmented PbF2 crystal by electrons arising from absorption of a 511 keV annihilation
γ ray. The eﬃciency of a such a detector is, however, rather low, so we have concentrated our eﬀorts to
investigation of the various detector parameters, which could be optimized. Simulation calculations show
that there is room for improvement and that a coincidence eﬃciency could be increased by factor of 4 with
a PbF2 crystal and an improved quantum eﬃciency, while preserving the excellent time resolution. Further
improvements are possible if a crystal with a lower transmission cut-oﬀ is found.
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